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A B S T R A C T
Alkaline spent caustic streams (SCS) produced in the petrochemical and chemical manufacturing industry,
contain high concentrations of reactive sulfide (HS−) and caustic soda (NaOH). Common treatment methods
entail high operational costs while not recovering the possible resources that SCS contain. Here we studied the
electrochemical treatment of SCS from a chemical manufacturing industry in an electrolysis cell, aiming at
anodic HS− removal and cathodic NaOH, devoid of sulfide, recovery. Using a synthetic SCS we first evaluated
the HS− oxidation product distribution over time, as well as the HS− removal and the NaOH recovery, as a
function of current density. In a second step, we investigated the operational aspects of such treatment for the
industrial SCS, under 300 A m−2 fixed current density. In an electrolysis cell receiving 205 ± 60 g S L−1 d−1
HS− over 20 days of continuous operation, HS− was removed with a 38.0 ± 7.7 % removal and ∼80 %
coulombic efficiency, with a concomitant recovery of a∼12wt.% NaOH solution. The low cell voltage obtained
(1.75 ± 0.12 V), resulted in low energy requirements of 3.7 ± 0.6 kWh kg−1 S and 6.3 ± 0.4 kW h kg−1
NaOH and suggests techno-economic viability of this process.
1. Introduction
Spent caustic streams (SCS) are generated in various industries,
including petrochemical refineries, the chemical manufacturing and the
pulp and paper industry (Alnaizy, 2008; Pokhrel and Viraraghavan,
2004; Stephenson et al., 1997) at thousands of cubic meters annually
(Ben Hariz et al., 2013; Zermeño-Montante et al., 2011). Depending on
the production site, SCS can contain hydrogen sulfide (HS−), mercap-
tans, phenolic and hydrocarbon compounds, thus classified as sulfidic,
naphthenic and cresylic SCS, respectively. The high alkalinity (5–12wt.
% NaOH), sulfide content (0.5–4wt.% sulfide-S) and occasionally high
temperature of the sulfidic SCS limit the feasibility of direct biological
treatment. Therefore, chemical treatment is used in industry to treat
SCS (Alnaizy, 2008; Ben Hariz et al., 2013; Lin and Peng, 1994;
Zermeño-Montante et al., 2011). The methods followed include neu-
tralization (Hawari et al., 2015), conventional (Alnaizy, 2008; Carlos
and Maugans, 2000; Hawari et al., 2015) and advanced oxidation
(Hawari et al., 2015; Zermeño-Montante et al., 2011), or a combination
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of the aforementioned (Sheu and Weng, 2001). These methods are
usually accompanied by high operational costs, due to high operational
temperatures and pressures, the application of expensive chemicals and
catalysts and the need for transport and storage of the chemicals
(Alnaizy, 2008; Vaiopoulou et al., 2016).
Electrochemical treatment is an interesting alternative to conven-
tional methods as it provides a potentially more cost-efficient and more
sustainable approach (Pikaar et al., 2015). For example, using sacrifi-
cial electrodes one can achieve an electrocoagulation process (Ben
Hariz et al., 2013) or an electrochemically controlled Fenton process
(Nuñez et al., 2009), where the coagulation is induced by electrolysis,
instead of chemical addition. However, these approaches are limited by
the regular need for electrode replacement and the lack of resource
recovery. Another approach has been proposed by Zhai et al. (2012),
where, in a fuel-cell-assisted iron redox (FC-IR) process, sulfide is oxi-
dized to elemental sulfur with concomitant regeneration of Fe(III) from
Fe(II). This process included a Fe(III) sulfide oxidizing reactor, com-
bined with a fuel cell for anodic Fe(III) regeneration. Elemental sulfur
and power could be harvested from the system, however, in this case, as
in the electrochemical Fenton processes, adjustment of the pH to acidic
levels limits the efficiency of the process. In addition, pH regulation to
acidic levels entails the risk of releasing sulfide contained in the was-
tewater, in the form of H2S gas. Electro-electrodialysis (EED) and bi-
polar membrane electrodialysis (BEMD) were studied by Wei et al.
(2013), (2012) on SCS. However, those systems were used solely for
NaOH recovery, excluding information on the actual treatment of the
SCS, e.g. the HS− or Chemical Oxygen Demand (COD) removal.
Direct electrochemical desulfurization of alkaline streams has been
studied extensively (Anani et al., 1990; Burke et al., 2002; Mao et al.,
1991; Petrov and Srinivasan, 1996), with synthetic SCS, which might
obscure difficulties occurring during treatment of real SCS. In addition,
these studies were suffering from certain limitations, such as a lack of
providing an application perspective overview (Pikaar et al., 2015).
Previously, we proposed a novel electrochemical method for waste-
water desulfurization (Dutta et al., 2008; Rabaey et al., 2006;
Vaiopoulou et al., 2016), where in an electrolysis cell, simultaneous
anodic HS− oxidation to mainly elemental sulfur (S0) and cathodic
NaOH recovery were conducted (Vaiopoulou et al., 2016). In that setup,
NaOH was recovered as a concentrate via cathodic OH− production,
which combines with Na+ migrating from the anolyte to the catholyte.
This allowed for additional S0 and hydrogen gas (H2) recovery, a po-
tentially valuable resource. The operational costs in that case were
mainly associated with the power input in the electrochemical cell,
while the lower energy requirements of this method compared to ad-
vanced oxidation processes, are associated with lower CO2eq emissions
(Chatzisymeon et al., 2013).
We previously reported excellent performance on synthetic SCS
treatment in an electrochemical flow cell (Vaiopoulou et al., 2016),
where a 5.1 ± 0.9 wt.% NaOH stream was recovered and simulta-
neously HS− was removed with 67 ± 5 % removal efficiency at 50 A
m−2. Still, these results were achieved with a synthetic SCS solely
containing HS−. It is thus crucial to assess this treatment approach in a
more complex matrix, loaded with complex organics additional to
sulfide pollutants. This will allow for a realistic evaluation of the ap-
plication potential of electrochemical industrial SCS treatment. In this
work we investigated the direct electrochemical treatment of a real,
industrial SCS. First, we studied the sulfide removal and the caustic
recovery as a function of current density, using a synthetic SCS as
electrolyte. The sulfide oxidation product distribution over time was
also studied. As a second step we investigated the operational aspects of
such treatment in a two compartment electrochemical cell configura-
tion for the treatment of real SCS obtained from a chemical industry,
under fixed current density. Finally, we assessed the feasibility of this
treatment for real application with concomitant caustic regeneration on
the industrial site, and proposed a preliminary economic assessment of
this application.
2. Materials and methods
2.1. Cell configuration and operation
All electrochemical experiments were conducted with a two com-
partment electrochemical cell as described previously (Vaiopoulou
et al., 2016), with internal dimensions of 20×5×2 cm, allowing for
internal volume of 200mL for each compartment (additional tests were
conducted in a three compartment cell, described in S1.2 and Fig. S1).
The two compartments were separated by a cation exchange membrane
(CEM) (Fumasep© FKL-PK-130, Fumatech GmbH, Germany). An ir-
idium mixed-metal oxide titanium-based (Ti) electrode (Ir MMO)
(Magneto Special Anodes (an Evoqua brand), The Netherlands) was
used as anode. A stainless steel thin mesh (Solana, Belgium) was used as
a cathode. The two electrodes were planar with a projected surface area
of 100 cm2 (20×5 cm) and were positioned parallel to each other
(distance between electrodes was ∼8mm). A saturated calomel elec-
trode (SCE) (BAS Inc., Japan, +0.244 V vs. SHE at 25 °C) was used as
reference electrode (RE) in the anodic compartment. All reported po-
tentials refer to the standard hydrogen electrode (SHE). The electro-
chemical cell was controlled galvanostatically with a DC power supply
(Velleman LABPS3005 0− 30 V, 0− 5 A, Belgium) and electro-
chemical techniques were performed with a VSP potentiostat (Bio-Logic
Science Instruments SAS, France). All current densities are reported
with respect to the projected surface area of the anode (0.01 m2).
2.1.1. Electrochemical techniques
Prior to cell operation, the uncompensated resistance (Ru) between
the anode and the reference electrode, and the cell resistance (Rcell)
were measured with the current interrupt (CI) method (Bard and
Faulkner, 2001) in 10 successive cycles (cycles of 50ms at 100mA
followed by 50ms open circuit with a recording period of 0.2ms). The
electrolyte used was synthetic SCS (1M Na2S and 1M NaOH) and the
resistances measured were lower than 1 Ω (Table S1). The anode po-
tential (EWE) and cell voltage (Ecell) were monitored with the po-
tentiostat by chronopotentiometry (CP).
2.1.2. Analytical techniques
Samples for sulfide (HS−), sulfite (SO32−), thiosulfate (S2O32−) and
sulfate (SO42−) analysis were treated with sulfide antioxidant buffer
(SAOB) and analyzed with a 930 Compact Ion Chromatograph Flex
(Metrohm, Switzerland), as described previously (Vaiopoulou et al.,
2016). Throughout the manuscript, sulfide is reported in the HS− form,
instead of the commonly used in literature S2−, present in basic solu-
tions. This was decided based on recent scientific developments that
rule out the presence of significant concentrations of S2− in aqueous
solutions, based on spectroscopic data (May et al., 2018). The sum of S0
and polysulfides was calculated as the difference between the initial
sulfide added in the electrochemical reactor (in moles) and the rest of
the soluble sulfur species (i.e. HS−, SO32−, S2O32− and SO42−), as
described previously (Ntagia et al., 2019). Organic solvents were ana-
lyzed with GC-2010 Plus AF IVD (Shimadzu, Japan), GC capillary
column RTX-624, 0.18mm internal diameter, 1 μm film thickness, 30m
length, temperature range 40− 240 °C. The total COD was analysed
with Nanocolor® kits (Test 0–29, 1–15 g/L) (CODE; Macherey-Nagel)
(APHA et al., 2012). Conductivity was measured with a Consort C6010
conductivity meter (Consort, Belgium). The NaOH concentration was
calculated by measuring the alkalinity, determined by titration with a
Metrohm 719S titrino (Metrohm, Switzerland) using HCl 0.02 N (Chem-
Lab Nv, Belgium).
2.2. Experiments and conditions
2.2.1. Batch mode operation with synthetic SCS feed
Batch galvanostatic experiments of 8 h were performed initially in
the two compartment electrochemical cell to determine the efficiency
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of HS− removal and the distribution of the HS− oxidation products in a
synthetic stream in function of time and supplied charge. A synthetic
stream of 1M Na2S and 1M NaOH was used as anolyte and 1M NaOH
as catholyte. The total volume of each electrolyte solution was 500mL
and the electrolyte recirculation flow rate was 6 L h−1. Each compart-
ment was connected to a 500mL recirculation bottle. Galvanostatic
experiments were run in duplicate at three different current densities of
100, 200 and 300 A m−2. The operational performance of the elec-
trochemical cell was monitored based on the HS− removal efficiency
(REHS−) (Eq. S1), coulombic efficiency (CEHS−) (Eq. S2) calculated
based on the 2e− process of HS− oxidation to S0 as discussed previously
(Vaiopoulou et al., 2016), NaOH recovery efficiency (RNaOH) (Eq. S3),
the energy input for the removal of HS− as pollutant (Eq. S4) and the
energy input for recovery of NaOH (Eq. S5), respectively.
2.2.2. Continuous operation with real SCS feed in a two compartment
electrolysis cell
Continuous galvanostatic experiments with real SCS (Table 1) at
300 A m−2 were performed for a period of 20 days. The current density
selection was based on previous results on synthetic SCS (Vaiopoulou
et al., 2016) and on the batch tests conducted with synthetic SCS, as to
maintain a high HS− removal, without secondary pollution (production
of sulfur oxyanions). The SCS was provided continuously at the anodic
compartment of the cell while the catholyte, with a total volume of
500mL was recirculated through a 500mL Schott bottle. A 3M NaOH
solution was used initially (to limit ohmic drop) as catholyte. The an-
olyte flow and the catholyte recirculation rate were maintained at
1.67 L d−1, resulting in a 205 ± 60 g S L−1 d−1 HS− loading rate (for
0.4 L total electrochemical cell volume). The operational performance
of the cell during the continuous experiments was monitored based on
the same parameters as during the batch experiments, with an addi-
tional monitoring of organics in both the anodic and cathodic com-
partments and the energy input for SCS (wastewater) treatment (Eq.
S6). A 10 L gas bag filled with nitrogen gas (N2) was connected to the
anolyte storage bottle to maintain anaerobic conditions during the ex-
periment. Preliminary batch tests to assess the suitability of a three
compartment electrochemical cell were conducted with real SCS and
are described in S1.2.
2.3. Elemental sulfur characterization
To verify the purity and morphology of the S0 particles, contact
angle measurements and scanning electron microscopy with energy
dispersive X-ray spectroscopy (SEM/EDX) were conducted. The de-
termination of the affinity of the S0 particles towards water was con-
ducted with contact angle measurements. Prior to the measurement, the
sample was completely dried for 12 h at 30 °C. A high speed ball mill
was used to powder the S0 sample collected. A sample of 2.5 g was
pressed for 30min with a carver platen press under P > 165MPa.
Contact angle measurements were conducted using 10, 2 and 20 μL
drops of deionized water, pure diodomethane and glycerol, respec-
tively, as solvents, using the sessile drop method in a Tracker tensi-
ometer (Teclis, France). The composition of the S0 particles collected
from the anodic chamber were measured with SEM/EDX, in a FEG SEM
JSM-7600 F (JEOL) at a magnification of 400 × using 20 keV.
3. Results and discussion
3.1. Sulfide is anodically removed and caustic is cathodically recovered, as
a function of current density
3.1.1. Applied current density dictates anode potential and thus sulfur
speciation
Batch experiments of 8 h were conducted on synthetic SCS in a two
Table 1
Characteristics of the industrial spent caustic stream (SCS) used as anolyte
in the continuous experiment*.
Parameter Range
pH >13
Electrical Conductivity 0.6 – 0.8 S cm−1
NaOH 3.8–4.1M (15.1–16.3 wt.%)
NaHS 1.4 – 1.9 M
COD** 158.2–179.2 g L−1
* the range of parameters is the result of different batches of the in-
dustrial SCS.
** ∼35 % is represented by low-molecular weight organic solvents.
Fig. 1. Operational performance during the 8 h batch experiments given as a) sulfide removal efficiency (REHS−, %), b) coulombic efficiency (CEHS−, %) and c) anode
potential (EWE, V) for 100, 200 and 300 A m−2, n=2 replicates.
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compartment electrochemical cell to study the effect of current density
on the sulfide oxidation product distribution and the operational effi-
ciency of the system. As expected, with an increase of current density,
the REHS− (Fig. 1a) increased, from 27.2 ± 1.1 % at 100 A m−2 to
54.9 ± 0.5 and 59.2 ± 0.0 % at 200 and 300 A m−2, respectively.
With an increase of the applied current density, a more diverse product
spectrum was observed over time (Fig. 2).
In a galvanostatically controlled electrochemical cell performing
anodic sulfide oxidation, the product distribution will be determined by
the availability of the electron donor (sulfide bulk concentration and
mass transport properties), the current density (itself defining the anode
potential and therefore the possible oxidation reactions (Bard and
Faulkner, 2001)) and the electrode material used (Ntagia et al., 2019).
In a batch mode operation and under high current densities, sulfide is
quickly depleted and the anode switches to more positive potentials,
where more energy demanding sulfur oxyanions will start being pro-
duced, with concomitant oxygen evolution (Mao et al., 1991; Ntagia
et al., 2019) (Table S2). Behm and Simonsson (Behm and Simonsson,
1997) reported side reactions and production of more oxidized sulfur
forms at increased anode potentials, which was signified by a decrease
in their coulombic efficiency towards sulfur formation. In their study
with domestic wastewater (< 0.5mM HS− L−1), Pikaar et al. (2011)
also reported increased production of sulfur oxyanions, due to the
limited availability of electron donor close to the electrode surface.
In our study, at 100 and 200 A m−2, S0 was the main oxidation
product after 8 h, while at 300 A m−2 the S0 to removed HS− ratio
decreased, due to increasing production of sulfur oxyanions. More
specifically, this ratio, determined analytically, was 0.6 ± 0.0,
0.8 ± 0.0, 0.4 ± 0.1 at 100, 200 and 300 A m−2 respectively. This
corresponded well with the calculated CEHS− of 69.3 ± 8.8 %,
77.8 ± 10.2 % and 41.3 ± 2.8 % (Fig. 1b). The CEHS− obtained at 300
A m−2 was lower than at 200 A m−2, indicating that oxygen evolution
occurred after consumption of HS− as the available electron donor and
the increased production of more oxidized sulfur oxyanions, mainly
thiosulfate (S2O32−) (Fig. 2). The oxygen evolution reaction at the
anode is further supported by the increased anode potential, which was
-0.16 ± 0.09 to 0.00 ± 0.04 and 0.57 ± 0.54 V vs. SHE, obtained at
100, 200 and 300 A m−2, respectively (Fig. 1c). At 300 A m−2, the
anode potential was initially 0.10 ± 0.01 V vs SHE and after 4 h, os-
cillated between values of 0.2 and 1.4 V, with an average value (for
experimental period 4–8 h) of 1.03 ± 0.4 V vs SHE (Fig. S2) where
both HS− oxidation and oxygen evolution happened concomitantly, in
a process previously described (Chen and Miller, 2004; Fornés and
Bisang, 2017; Ntagia et al., 2019). At pH 13–14 the expected theoretical
potential for oxygen evolution is between 0.46 and 0.40 V (Bard and
Faulkner, 2001) and the expected oxygen production was also visually
confirmed. Therefore, after the first 4 h of this experiment concomitant
sulfide oxidation and oxygen evolution occurred, which renders the
concomitant direct and indirect oxidation a plausible scenario.
3.1.2. Effect of current density on NaOH recovery and energy input
The increase of current density resulted in a decrease of alkalinity
and conductivity of the anolyte, as a result of the HS− oxidation and
Na+ migration to the cathode, with a concomitant increase in the
catholyte, as a result of the OH− evolution and Na+ accumulation.
Through the experiments, the alkalinity and conductivity of the anolyte
decreased from an initial 11.8 ± 0.0 wt.% and 0.6 ± 0.0 S cm−1,
respectively, to reach 5.9 ± 0.1 wt.% and 0.3 ± 0.0 S cm−1, respec-
tively, at 300 A m−2. In contrast, the alkalinity and the conductivity of
the catholyte increased from an initial 4.5 ± 0.5 wt.% and 0.2 ± 0.0 S
cm−1, respectively, to reach 9.0 ± 0.0 wt.% and 0.5 ± 0.0 S cm−1,
respectively, at 300 A m−2. This catholyte alkalinity increase corre-
sponded at 300 A m−2 to a RNaOH of 80.4 ± 0.6 % (Fig. 3a).
The electrical power input per electron is determined by the cell
voltage. Since in electrochemical treatment the power input is the main
contributor to operational costs, the cell voltage needs to be minimized,
for a given current density. The average cell voltages measured here
were 1.32 ± 0.09, 1.67 ± 0.04 and 2.44 ± 0.58 V for 100, 200 and
300 A m−2, respectively (Fig. 3b). The high standard deviation ob-
served at 300 A m−2 was induced by the large potential oscillations.
Hence, an increase of applied current density was related to an in-
crease in the REHS− but also in the energy input, which increased from
3.2 ± 0.3 to 9.9 ± 1.7 kW h kg−1 S removed, for 100 to 300 A m−2,
respectively (Fig. 3c). The increase of energy input can be attributed to
an increase of anode potential, in combination with the depletion of
HS−, with time, that coincides with an initial coverage of the active
sites on the electrode surface with the deposition of S0 particles
(Fig. 1c). The S0 particles produced on the electrode surface will either
enter the electrolyte through chemical dissolution to form polysulfides
(Mao et al., 1991), or in the colloidal form by a de-flaking process
through oxygen bubble formation on the anode (Vaiopoulou et al.,
2016), or they will get further oxidized to sulfur oxyanions (Behm and
Simonsson, 1997). Behm and Simonsson (1997) described a plausible
scenario where the outer particles of the sulfur layer are released in the
Fig. 2. Evolution of sulfur speciation during the batch experiments with synthetic SCS, operated at a) 100 A m−2, b) 200 A m−2 and c) 300 A m−2, n= 2 replicates.
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electrolyte, while the inner particles are oxidized to sulfate and thio-
sulfate. When high anodic potentials are reached during electrolysis, it
is possible that the S0 particles are removed by oxygen bubbles formed
on the electrode surface. This is a plausible scenario for the batch ex-
periment at 300 A m−2, after the first 4 h (Fig. S2), where the anode
potential reached an average value of 1.03 ± 0.4 V vs SHE. Ultimately,
when the electrolyte is saturated with sulfur, the S0 particles start to
precipitate (Mao et al., 1991) in the electrolyte chamber, or in the
electrolyte recirculation bottles.
Similarly to the REHS−, the energy input for NaOH recovery in-
creased with increasing current density from 1.4 ± 0.3 kW h kg−1
NaOH at 100 A m−2 to a maximum of 3.6 ± 0.8 kWh kg−1 NaOH
produced in the cathodic side at 300 A m−2 (Fig. 4d). This energy input
is in the same range as conventional membrane electrolysis in the chlor-
alkali industry providing NaOH with an energy investment of
∼2.5 kW h kg−1 NaOH (Brinkmann et al., 2014). Evidently, the process
described here fulfills several functions simultaneously, which implies
that the energy investment principally needs to be redistributed over
the different products.
3.2. Continuous sulfide removal and caustic recovery with electrochemical
treatment of industrial SCS
3.2.1. Sulfide is continuously and selectively removed at 1.75 V average
Ecell
To assess the applicability of electrochemical SCS treatment, a two
compartment electrochemical system was operated with industrial SCS
(Table 1) for 20 successive days at 300 A m−2. The main product of the
HS− oxidation was S0, which was supported by the high CEHS− and the
low EWE (0.09 ± 0.02 V vs SHE), maintained during the course of the
experiment (Fig. 4, Table 2). This low anode potential excludes the
possibility of oxygen evolution during this experiment, therefore the
main mechanism for S0 removal from the electrode surface appears to
be through chemical dissolution in the alkaline sulfidic electrolyte. A
joint mechanism where the outer particles of the sulfur layer are re-
leased while the inner particles are further oxidized to sulfur oxyanions
could also be considered here (Behm and Simonsson, 1997; Vaiopoulou
et al., 2016), hence a limited increase of sulfur oxyanions in the anolyte
effluent was observed (Fig. 4). This electrode self-cleaning process
could be the main reason for the stable operation of the system during
the 20 days of operation. The lower EWE obtained with the industrial
Fig. 3. Operational performance during the 8 h batch experi-
ments given as a) cathodic NaOH recovery efficiency (RNaOH,
%) and b) average cell voltage (Ecell, V), c) energy input for
sulfide removal (in kWh kg−1 S removed), d) energy input for
cathodic recovery of NaOH (in kWh kg−1 NaOH produced) for
100, 200 and 300 A m−2, n= 2 replicates.
Fig. 4. Averaged sulfur speciation during the electrochemical oxidation of in-
dustrial SCS and the anolyte, under continuous operation for 20 days at 300 A
m−2.
Table 2
Operational and performance parameters of the continuous industrial SCS
treatment at 300 A m−2.
Parameter Unit Average± SD
Anode potential (EWE) V vs SHE 0.09 ± 0.02
Cell voltage (Ecell) V 1.75 ± 0.12
HS− removal efficiency (REHS−) % 38.0 ± 7.7
Anodic coulombic efficiency (CEHS−) % 79.9 ± 31.0
NaOH recovery efficiency (RNaOH) % 54.0
Cathodic coulombic efficiency
(CEOH−)
% 33.0*
Energy input for wastewater
treatment
kWh m−3 SCS treated 75.3 ± 5.0
Energy input for pollutant removal kWh kg−1 S removed 3.7 ± 0.6
Energy input for NaOH recovery kWh kg−1 NaOH
recovered
6.3 ± 0.4
* The average achieved during the continuous operation (99.3 % highest
achieved).
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SCS at the same current density, compared to the synthetic, is attributed
to the higher concentrations of sulfide and NaOH. The mass transport of
sulfide to the electrode surface is key in an electrochemical oxidation
process and thus higher concentration in the electrolyte will lead to
higher concentration at the electrolyte – electrode interface, increasing
the coulombic efficiency. However, this assumption requires model
verification.
The average REHS− obtained with a 205 ± 60 g S L−1 d−1 HS−
loading rate was 38.0 ± 7.7 %, combined with a stable Ecell
(1.75 ± 0.12 V) (Table 2). The Ecell obtained with the industrial SCS is
comparable with the one obtained with the synthetic SCS, which shows
that the proposed system can work equally well when applied for the
treatment of more complex matrices. A REHS− of 67 % when operated at
200 A m−2 was reported by Vaiopoulou et al. with synthetic SCS and
similar electrolysis system (loading rate 47 g S L−1 d−1). The differ-
ences in the HS− loading rates can explain the differences in REHS−
(Vaiopoulou et al., 2016) and also be linked with less oxidized sulfur
species produced (Fig. 4).
The particles of S0 collected in the anodic chamber and on the anode
surface were identified as hydrophobic (θ>70°) and orthorhombic
sulfur (α-S8) (Fig. 5). The production of hydrophobic α-S8 has been
previously reported in chemical and electrochemical HS− oxidation
(Selvaraj et al., 2016; Steudel, 1996). The S0, provided it does not
contain contaminations, could be used as commercial sulfur for sulfuric
acid production, in lithium–sulfur batteries or, as feedstock for pro-
duction of polymeric materials (Chung et al., 2013).
Beside the high HS− concentration and high alkalinity, the SCS
contained a matrix of low molecular weight (cut-off<200 g mol−1)
organic compounds, representing ∼35 % of the total COD, while the
rest is represented by HS−. There was no oxidation of organics ob-
served in the anodic compartment and no organic compounds were
transported to the cathodic compartment (Fig. S3). Consequently, de-
terioration of the operational performance of the anode and the CEM
due to the presence of organics was not observed during the 20 con-
secutive days of operation. This opens an avenue for selective removal
of sulfide and reuse of these organic solvents on-site, if the sulfide load
is further minimized.
3.2.2. Concentrated NaOH (12.3 wt.%) is recovered in the cathodic
compartment
Both the alkalinity and the conductivity increased in the cathodic
compartment following the recovery of NaOH during the 20 days of
continuous operation. The final NaOH concentration achieved was
24.7 wt.%, with a concomitant conductivity increase from 0.9 to 1.2 S
cm−1 (Fig. 6). The result was a net increase of NaOH concentration by
12.3 wt.%, which provides a solution that can be reused for several
industrial applications on site (Alnaizy, 2008; Brinkmann et al., 2014).
For example, 5–10wt.% NaOH solutions are commonly applied in oil
refineries for hydrocarbons desulfurization (Ben Hariz et al., 2013). It is
important to note here that no sulfur components, nor organics, were
detected in the catholyte, which highlights the cleanness of the re-
covered NaOH. In the treated SCS (anodic compartment), the alkalinity
decreased from an initial NaOH concentration of 15.7 ± 0.6 wt.% to a
final 12.5 ± 0.6 wt.% with a corresponding decrease of conductivity
from 0.7 ± 0.1 S cm−1 to 0.6 ± 0.1 S cm−1. A decrease in alkalinity,
and thus conductivity, of the treated SCS is essential to enable further
treatment of the stream in a wastewater treatment plant and it is the
basis of the cost alleviation that electrochemistry is providing to SCS
treatment.
The CEOH− reported (Table 2) was the highest value achieved during
the 20 days of continuous operation. The value was calculated for the
first 2 days of the experiment due to a decrease over time of the CEOH−
to reach 10 % after the 20 days of operation. This was indicated as well
by the stabilization in the NaOH concentration after 15 days of op-
eration, which was attributed to the high strength of NaOH obtained in
the catholyte and induced the termination of the continuous operation.
The low CEOH− at the end of the experiment can be explained by 2
phenomena: 1) hydroxide ions (OH−) back-diffusion from the cathodic
to the anodic compartment and 2) water (H2O) transport from the
anodic to the cathodic compartment due to osmotic pressure. The OH−
back diffusion has been reported in many studies for electrolysis cells
used for NaOH recovery (Lin et al., 2016; Pikaar et al., 2013; Thiel
et al., 2017) and it is more prominent when the catholyte is strongly
alkaline (pH > 12–13) (Jörissen and Simmrock, 1991). The mole
balance between the OH− theoretically consumed during HS− oxida-
tion and the alkalinity decrease measured in the anodic compartment
suggest that the decrease of alkalinity over time was due to OH− back
diffusion (Fig. S4). However, due to the complexity of the HS−
Fig. 5. a) SEM image and b) SEM-EDX spectrum of S0 recovered from the anodic chamber of the electrochemical cell working with industrial SCS. Magnification 400
X using 20 keV. The black bar represents 50 μm.
Fig. 6. Evolution of NaOH concentrations (wt.%) in the SCS influent, anodic
effluent and cathodic batch, during the 20 days of continuous operation at 300
A m−2.
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oxidation reactions, closing the H+/OH− balance to establish that ef-
fect remains difficult.
3.2.3. Sulfide is removed and NaOH is recovered from industrial SCS at
75 kW h m−3 SCS treated
The operation of the cell for 20 days resulted in an average energy
investment of 75.3 ± 5.0 kW h m−3 SCS treated (Table 2). For the
electrochemical treatment of sulfide-loaded tannery wastewater with a
COD range from 0.25 to 2.5 g L−1, Szpyrkowicz et al. (2005) tested
three different titanium based electrodes, in an undivided electrolysis
cell, operated at 200 and 400 A m−2 current density. Depending on the
electrode tested, the energy input was ranging from 50 to 250 kW h
m−3 treated wastewater as a result of the high cell voltages, between 5
and 7 V. The COD in the current study, comprising the sulfide and the
organics, was ∼169 g L−1 and the cell voltage measured was
1.75 ± 0.12 V (Table 2). The low cell voltage is mainly the result of the
very high conductivity of the SCS, in combination with the close spa-
cing between the electrodes (∼ 8mm). The low cell voltage enables
SCS electrochemical treatment with high energy efficiency.
Only few studies have reported the energy investment for sulfide
removal. For example, Wang et al. (2012), reported an energy input of
approximately 139 kW h kg−1 S for the electrochemical removal of
sulfide from an oil field effluent, that was treated with coagulation and
precipitation prior to the electrochemical treatment. In that study, si-
milarly, Ir MMO anodes were used, but with lower sulfide concentra-
tion (50mg L−1), compared to the present study. The energy input to-
wards sulfide removal in the current study is lower when compared to
previous work (Szpyrkowicz et al., 2005; Wang et al., 2012; Wei et al.,
2013). This can be explained by the low cell voltage, the high sulfide
loading and the continuous mode, where the latter two, constantly
supply electron donor in the system. Most of the studies for sulfide
removal are reporting a general cost per kg sulfur removed, thus further
comparison for the energy and cost efficiency is discussed in section
3.3.
The approach followed here resulted in a high energy efficiency,
compared to what has been reported before for similar systems used to
recover NaOH from SCS. In a comparative study Wei et al. compared
EED and BMED for the treatment of SCS from the petrochemical in-
dustry and calculated the energy input as 8.06 and 8.20 kW h kg−1
NaOH recovered for the EED and BMED, respectively. In our study, the
energy input for NaOH recovery was 6.3 ± 0.4 kW h kg−1 NaOH,
which showed a positive advantage to other similar systems. However,
conventional membrane electrolysis in the chlor-alkali industry is
providing NaOH with an energy investment of ∼2.5 kW h kg−1 NaOH
(considering that per ton Cl2 produced, 1.1 ton of NaOH is coproduced)
(Brinkmann et al., 2014; Chaplin, 2019). The highest power investment
in our case though can be downsized with the scale-up of the system.
Moreover, the extra energy input when compared to chlor-alkali in-
dustry, is compensated by using a waste stream instead of pure NaCl as
feedstock. It is important to note that a key driver for the SCS treatment
besides minimizing NaOH needs is a reduction in the salinity of the
effluents, as their treatment and discharge is becoming more and more
problematic.
3.3. Economic perspectives of a scaled-up system
A preliminary economic feasibility study was based on the labora-
tory scale system (total electrochemical cell volume of 0.4 L) operation
during the treatment of industrial SCS in a continuous mode for 20 days
(Table 3). The process cost estimation was based on a 40 m3 daily
(Table S3) SCS supply to the electrochemical cell, which results in
2.3 ton of S. Considering the operational efficiency of the studied
system, after the process still 1.4 ton of S – HS− will be directed to
further treatment, assumed with H2O2-based oxidation. This means that
the use of H2O2 as an oxidant for the treatment of SCS, can be avoided
for 0.9 ton of S – HS−. Consequently, the cost savings from the proposed
technology were calculated based on the savings in H2O2 consumption
from the partial removal of HS− with electrochemical treatment and
the recovery of NaOH.
From the economic assessment it is clear that the main contributor
to the total cost of the treatment is the investment cost which is mainly
attributed to the electrodes and the membranes (Chaplin, 2019; Pikaar
et al., 2013; Thiel et al., 2017). Without taking into account the cost
savings, the total cost for sulfide removal is in the lower price range
reported for physicochemical and biological removal of sulfide (Pikaar
et al., 2013). More specifically, in the lowest range are H2O2 oxidation
and biological treatment with 1.9–4.2 and 1.5–8.9 € kg−1 S, respec-
tively, while with a range between 3.7–7.2 € kg−1 S iron salts addition
is a more costly approach (Zhang et al., 2008). It is worth mentioning
though that these ranges are reported for sewer control, where the
sulfide concentrations are 3 orders of magnitude lower than in the
treated SCS of this study. The total daily savings can be translated to
savings of 2.6 € kg−1 S removed, which is in the same range as what has
been reported for cost savings in replacement of physicochemical
methods for H2S removal with biotrickling filters (Lebrero et al., 2011).
Regarding the NaOH recovery, Wei et al. (2013) reported an energy
cost of 0.62 € kg−1 NaOH produced when treating SCS with EED or
BMED. This is more than 2 times higher than what was achieved in the
current study. Compared to the typical commercial NaOH solution (50
% w/w), the current system resulted in an energy cost that is 2 times
higher than the commercial 0.123 € kg−1 NaOH (Thiel et al., 2017),
albeit in the commercial case 0.075 € kWh−1 are considered for the cost
estimation.
There is clearly some uncertainty in this figure. However, from the
total daily savings calculated it is obvious that galvanostatic electrolysis
can be a profitable approach for industrial SCS treatment. In addition to
that, the revenue from sulfur recovery, hydrogen production and even
heat (Du et al., 2018) could further be calculated and added to the total
treatment scheme. Moreover, the upscaling of the system can result in
operational costs downscaling due to an expected decrease of total
energy input.
Table 3
Process cost estimation, based on an assumed electrochemical unit treating
40m3 of SCS per day (additional information given in Table S3).
Operational conditions
Required current input (A)* 38,240
Applied current density (A m−2) 300
Required anode surface area (m2) 239.5
Power input (kW) 6967
Energy consumption (kWh d−1) 1,606
Operational costs
Daily electrolysis energy costs (€ d−1) 177.8
Daily energy costs for SCS treatment (€ m−3 SCS) 4.44
Daily energy cost for HS− removal (€ kg−1 S) 0.20
Daily energy costs for NaOH production (€ kg−1 NaOH) 0.24
Total investment costs (€)** 1,437,126
Total daily costs for SCS treatment (€ m−3 SCS) 231.12
Total daily costs for HS− removal (€ kg−1 S) 4.69
Total daily costs for NaOH production (€ kg−1 NaOH) 8.41
Cost savings
Daily savings from NaOH recovery (€)*** 333
Daily savings from decreased H2O2 consumption (€) 1,949
Total daily savings (€) 2282
* the theoretical current required to remove 877 kg HS−, removed in the
laboratory system with an average of 80 % coulombic efficiency.
** 6000 € m−2 assumed as total investment costs, including electrodes (Ir
MMO as anode and stainless sheet as cathode), membranes (considering the
CEM from Fumasep, reported in paragraph 2.1) and engineering costs. The total
investment costs were multiplied with the calculated required anode surface
area.
*** calculated with an average 54 % coulombic efficiency for NaOH re-
covery (obtained during the batch test conducted at 300 A m−2).
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3.4. Implications for practice and further application
The treatment of an industrial SCS and the resources recovery
possibilities were demonstrated in this study and a preliminary eco-
nomic analysis highlighted the scaling up perspectives. The results
showed that a lab-scale electrochemical system could treat a highly
loaded industrial SCS and decrease substantially the total load, while
decreasing the content of sulfide and the alkalinity. However, before
moving to further application and scale-up, a few limitations of the
proposed technology should be addressed, without considering the high
investment cost due to the use of expensive anode materials and ion-
exchange membranes.
First is the optimization of the coulombic efficiency for the NaOH
recovery, an implication suggested in several alkaline electrochemical
systems (Jörissen and Simmrock, 1991; Wei et al., 2013). An increase in
coulombic efficiency could be achieved either with the fabrication of
ion-exchange membranes that are more resistant to high alkalinity and
high alkalinity differences between the electrochemical cell compart-
ments, or by selecting an engineering approach that will downsize these
differences. For example, dilution could be proposed in the catholyte,
with deionized water (Vaiopoulou et al., 2016) or addition of a middle
compartment between anodic and cathodic compartments which we
also tested in this study (Fig S1 and S5). However, the latter will in-
crease the cell resistance and thus the energy investment, as proven also
previously by Wei et al. (2013). Thus, one will have to make an edu-
cated decision based on the energetic gains and losses of this approach,
compared to the one that we have followed here.
Second is the further decrease of the alkalinity and conductivity in
the treated SCS, to enable final discharge to a wastewater treatment
plant. The remaining alkalinity and conductivity can be treated with
successive electrochemical cycles, or with further oxidation, a concept
that was considered in the economic assessment. Successive electro-
chemical cycles can also be applied to minimize further the remaining
HS−, in order to provide a clean stream of organics after the treatment,
that could be potentially reused on-site. In that concept, the system will
provide two clean, potentially reusable streams, an alkaline stream and
an organic stream free of sulfide and with decreased alkalinity, leading
to up-scaling possibilities for treatment of complex industrial waste
streams.
4. Conclusion
The feasibility of electrochemical treatment of industrial SCS for
simultaneous HS− removal and NaOH recovery was demonstrated. The
concept of electrochemical treatment of industrial SCS was tested with
a two compartment electrochemical cell under continuous operation of
20 days and was here demonstrated as an economically viable method
for HS− removal. From this study several points can be concluded:
• Real sulfidic SCS from a chemical manufacturing industry was suc-
cessfully treated continuously in a divided electrolysis cell con-
trolled galvanostatically at 300 A m−2.
• The cell voltage and anode potentials remained low and stable
during the 20 days of continuous operation, contributing also to
high maximum coulombic efficiency of 80 % for HS− oxidation
towards sulfur formation.
• The on-site NaOH recovery in the proposed configuration holds
great potential in decreasing the costs associated with purchasing
and transport of this chemical to industrial sites at the present time.
• Low energy input towards pollutant removal (3.7 kW h kg−1 S re-
moved) and moderate energy input for wastewater treatment and
NaOH recovery (75.3 kW h m−3 SCS treated and 6.3 kW h kg−1
NaOH recovered) were achieved.
• The economic assessment suggests that the process can be cost-ef-
ficient, based on the cost savings arising mainly from the NaOH
recovery and the replacement of H2O2 as the oxidative agent
commonly used in SCS treatment.
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